When presented with an equimolar mixture of ammonia and L-glutamate, batch cultures of Rhizobium leguminosarum MNF3841 and 'R. trifolii' (R. leguminosarum biovar trifolii) TAl used ammonia at a significantly faster rate than L-glutamate. The cowpea Rhizobium strain NGR234, however, used L-glutamate at a marginally faster rate than ammonia. R. leguminosarum MNF3841 also grew faster on ammonia than on L-glutamate as the nitrogen source.
INTRODUCTION
In the legume nodule, bacteroids of the genus Rhizobium reduce N2 to ammonia, but they appear unable to assimilate it into amino acids (Bergersen & Turner, 1967; Brown & Dilworth, 1975; Kurz et al., 1975) . Instead the ammonia is exported to the plant cytosol where it is assimilated into organic nitrogen compounds (Brown & Dilworth, 1975; Kurz et al., 1975; Scott et al., 1976) . It has also been reported that at least some free-living rhizobia are poor at assimilating ammonia and have a marked preference for an organic nitrogen source such as L-glutamate (Bergersen, 1961 ; O'Gara & Shanmugam, 1976a, b ; Tubb, 1976; Ludwig, 1978) . However, several groups have nevertheless been able to grow a wide range of rhizobia on ammonia as the sole nitrogen source (Brown & Dilworth, 1975; Ratcliffe et al., 1983; Botsford 1984; Mohapatra & Gresshoff, 1984) . Whether there is any preference is important because it may give an insight into the regulation of nitrogen metabolism in Rhizobium. Investigating this preference is best approached by the use of chemostat culture, where meaningful specific nitrogen consumption rates and rates of ammonia liberation from organic nitrogen sources can be measured.
The following study presents an initial screening of several rhizobia for nitrogen preference in batch culture, followed by a detailed chemostat study of R. leguminosarum MNF3841. 
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Organisms. Rhizobium leguminosanim MNF3841 is described by Glenn et al. (1980) , 'R. trifolii' (R. le~minosanim biovar trifolii) TAI by Chen et al. (1984) and cowpea Rhizobium NGR234 by Glenn & Dilworth (1981) .
Media. Bacteria were grown at 28 "C in the liquid minimal salts (MS) medium of Brown & Dilworth (1 975), with phosphate at 0.4 mM and with the pH maintained at 7-0 with 20 mM-HEPES in chemostats and 40 mM-HEPES in batch cultures. Stocks were maintained on minimal salts slope cultures with 10 mwmannitol and 5 m%NH,Cl.
Nitrogen consumption in batch culture. Rhizobial cells were removed with deionized water from 2-d-old slope culture, and a 0.5% inoculum was added to 100 ml minimal salts medium with 10 mM-mannitol and nitrogen source(s) at 5 mM each and allowed to grow to mid-exponential phase (0.1-0.2 mg dry wt ml-l). Cells were harvested aseptically by centrifugation ; the supernatants were discarded, and the bacteria were resuspended in fresh medium of the same composition, except that each nitrogen source was at 1.5 mM. Samples (2.0 ml) were removed at approximately 0.75 h intervals for measurement of culture density; after pelleting the cells by centrifugation the supernatants were analysed for concentrations of nitrogen compounds.
Dry weights were determined by measuring the OD600 of cultures and relating the values to a previously constructed standard curve of dry weight versus OD600.
Nitrogen consumption rates in chemostat culture. Chemostats were set up with 70 ml working volumes and a dilution rate of 0-1 h-l as described by Poole et al. (1985) . The cultures were grown under phosphate limitation (0.08 mM), with either mannitol(10 mM) or fructose (10 mM) as the carbon source. Nitrogen source(s) (3 mM) and fructose were filter-sterilized and added aseptically to autoclaved minimal salts. To confirm phosphate limitation, alkaline phosphatase activity was measured as described by Smart et al. (1984) . From steady-state cultures, as assessed by a constant cell density, 7.0 ml of cells were sampled daily and centrifuged. Supernatants were removed and frozen for later assay.
Consumption rates have been arbitrarily assigned a negative value to distinguish them from production rates. Radioisotopes. ~-[U-~~C]Glutamate (10.9 GBq mmol-l) was from New England Nuclear, and D-[U-14C]-fructose (12.6 GBq mmol-l) from Amersham.
Addition of radioisotopes to chemostat. Two mannitol (10 mM) chemostats were set up, one with L-alanine/ L-glutamate and the second with L-histidine/tglutamate as their respective nitrogen sources. After establishing steady-state growth, 0.148 MBq ~-[U-~~C]glutamate was injected into each sample reservoir (1.5 1) and the chemostat allowed to equilibrate for 48 h. Samples (5.0 ml) were then removed daily from the growth vessels, Millipore filtered and washed twice with 3.0ml minimal salts. These filters were then added to scintillant as described by Poole et al. (1985) .
A chemostat containing fructose with NH,CI/~-glutamate as the nitrogen sources was allowed to reach steady state before adding 1.85 MBq [U14C]fructose to the reservoir (1.5 I). After allowing 48 h for equilibration, sampling proceeded from the growth vessel as above. Bacteria were removed by centrifugation and the supernatants analysed by paper chromatography.
Paper chromatography. Sample supernatants removed from a chemostat containing fructose were applied to 45 cm sheets of Whatman 3M chromatography paper and the components separated overnight in phenol (500 g in 125 ml water)/ethanol/water (15 :4 : 1, by vol.). The L-glutamate was located by spraying the chromatogram with ninhydrin (0.1 %, w/v, in ethanol) and the sheets were cut into 1 cm sections before being put into scintillation fluid L-Alanine was determined in a final volume of 1.5 ml containing: 75 pmol glycine buffer (pH 9.0), 60 pmol hydrazine monohydrate, 4 pmol NAD+ and 0.5 unit of L-alanine dehydrogenase. These were incubated and read as for the L-glutamate assay of Bernt & Bergmeyer (1974) . Ammonia had no effect on the assays of L-glutamate or any of the other amino acids. Protein was determined by the Lowry method using bovine serum albumin as a standard.
Transport. Cells of R. leguminosarurn MNF384 1 were harvested and washed, and L-glutamate transport rates were measured as described by Poole et ul. (1985) .
RESULTS
Nitrogen source preference of cells in batch culture R. leguminosurum MNF3841 grew with a mean generation time of 4.8 h and 3.8 h, respectively, on mannitol/L-glutamate and mannitol/ammonia. To determine if this small difference in growth rate resulted in a preference for either nitrogen source, cells of MNF3841 were grown in a minimal salts medium with an equimolar mixture of NH4C1 and L-glutamate as the nitrogen sources. Ammonia was consumed at an initial rate of -2.08 pmol h-l (mg dry wt)-' Nitrogen consumption by strain MNF3841 in chemostat culture Table 1 shows the nitrogen consumption rates for R. leguminosarum MNF3841 when grown with 10 mM-mannitol as a carbon source and several different sources of nitrogen at 3 mM in the reservoir. For cells with either ammonia or L-glutamate as the nitrogen source, the rate of consumption of ammonia [ -0-67 pmol h-l (mg dry wt)-l] was similar to the rate of consumption of L-glutamate [ -0.61 pmol h-l (mg dry wt)-l]. Significantly, this indicates that L-glutamate was not being consumed in excess of the cells' nitrogen requirement, a contention supported by the absence of detectable ammonia in the growth vessel of the mannitol/ L-glutamate chemostats. The consumption rate of ammonia in batch culture [ -2.08 pmol h-l (mg dry wt)-l] was threefold higher than that in chemostat culture. When the mean generation time of between 3.5 h and 4 h in batch culture is compared to the theoretical generation time in the chemostat culture of 6.9 h, a higher specific nitrogen consumption rate is not unexpected.
Chemostats with L-alanine as the nitrogen source released large quantities of excess ammonia into the growth vessel (Table 1) . Predictably, the consumption rate of L-alanine [ -0.85 pmol h-(mg dry wt)-l] was significantly above the rate for either ammonia or L-glutamate.
Nitrogen preference in chemostats containing mixed nitrogen sources Since it was apparent that under the growth conditions used, L-glutamate did not give rise to excess ammonia (Table 1) it was possible to mix L-glutamate with NH4Cl in the same chemostat. The rates of utilization of both were then measured, without the complication of excess ammonia derived from L-glutamate entering the ammonia pool. With mannitol(l0 mM) as a carbon source in chemostats containing ~-glutamate/NH,Cl, there was no detectable L-glutamate consumption by R. leguminosarum MNF3841, while ammonia was consumed at a rate only 14% lower than when it was the sole nitrogen source (Table 1) . In those chemostats where mannitol was replaced by fructose, L-glutamate was consumed at 11% of the total nitrogen consumption rate.
Detection of L-glutamate consumption at this level is at the limit of sensitivity of the assay and tends to be associated with a high error. The failure to detect L-glutamate consumption in mannitol-containing chemostats is therefore unlikely to reflect any intrinsic difference between mannitol and fructose as carbon sources.
When L-glutamate was mixed with either L-alanine or L-histidine in mannitol-containing chemostats, there was no L-glutamate utilization and L-alanine was consumed at essentially the same rate as when it was the sole nitrogen source (Table 1) . Both the L-glutamate/L-histidine and the L-glutamate/L-alanine chemostats produced excess ammonia and, as L-glutamate was not apparently consumed, it presumably arose from the catabolism of L-histidine and L-alanine.
Since cultures containing L-histidine/L-glutamate or L-alanine/L-glutamate as nitrogen sources did not show L-glutamate consumption, it was of interest to see if other amino acids would suppress L-glutamate consumption. To test this, a mannitol chemostat was set up containing L-glutamate and L-aspartate, an amino acid whose transport and catabolism are closely linked to those of L-glutamate (Poole et al., 1985) . L-Glutamate and L-aspartate represented 41 % and 59%, respectively, of the total nitrogen consumption, while ammonia was not excreted (Table 1) . Whether an amino acid does or does not prevent L-glutamate consumption therefore appears to be determined by whether excess ammonia is released from it.
Measurement of glutamate incorporation
While chemostats with mannitol as a carbon source and combinations of L-glutamate with either NH4Cl or L-histidine or L-alanine showed no significant consumption of L-glutamate, this does not prove that there had been no consumption of exogenous glutamate. Since the L-glutamate transport system is capable of exchange (Poole et al., 1985) , intracellularly synthesized glutamate may have been exported to the extracellular environment at a rate sufficient to balance the uptake rate.
To measure the incorporation of exogenously supplied L-glutamate directly, L-[ 4C]glutamate was added to the reservoir of chemostats containing either L-histidine/L-glutamate or L-alanine/L-glutamate. Cells of strain MNF3841 in the chemostat containing L-alanine/ L-glutamate incorporated the ~-[l~C]glutamafe at an apparent rate of 0.049 pmol h-* (mg dry wt)-', which was 8% of the consumption rate when L-glutamate was supplied as the sole nitrogen source. However, no measurement was made of any respired 14C02 and the real labelling may have been higher. Cells from the chemostat containing L-histidine/L-glutamate had an apparent incorporation rate of 0.057 pmol h-l (mg dry wt)-l, or 9% of the consumption rate when L-glutamate was the sole nitrogen source. This result, where L-glutamate incorporation has been measured by a highly sensitive radiometric technique, suggests that the similarly small consumption seen in fructose-containing chemostats is real. For both chemostats, the specific activities of the radioactive L-glutamate in the growth vessel and in the reservoir were not detectably different.
Measurement of the exchange between the internal and external glutamate pools
The low incorporation rates of glutamate into cells of R. leguminosarum MNF3841, and the low or zero L-glutamate consumption rates, indicated that the intracellular and extracellular L-glutamate pools are substantially isolated. As a direct measure of this, ~-[U-l~C]fructose was introduced into the reservoir of a chemostat containing fructose/NH4C1/~-glutamate and the supernatants obtained from the growth vessel were analysed by paper chromatography after the cellular material had been removed. Apart from 22% of the label left on the origin, the remaining 78% of 14C label was present in the fructose. Since the L-glutamate was clearly separated from either of these radioactive areas, and was itself unlabelled, there had been no export of intracellularly synthesized L-glutamate.
Transport rates
In the presence of ammonia the isolation of the intra-and extracellular pools of L-glutamate and low incorporation rates of this amino acid may be due to kinetic inhibition and/or complete repression of synthesis of the glutamate transport system. Since ammonia is unable to inhibit the transport of L-glutamate by what appears to be a common amino acid carrier (Poole et af., 1985) , the possibility that amonia repressed synthesis of this transport system was investigated. Cells of strain MNF3841 initially grown in chemostat culture under ammonia limitation had an L-glutamate transport rate of 38 nmol min-l (mg protein)-'. When L-glutamate was added to the reservoir so that the cells were nitrogen limited on both ammonia and L-glutamate, the transport rate for L-glutamate only increased by 29% to 49 nmol min (mg protein)-'. Addition of excess ammonia and L-glutamate (9 mM of each in the reservoir), which caused a change to phosphate limitation, decreased the transport rate to 2-8 nmol min-l (mg protein)-'.
DISCUSSION
The similar consumption rates found for ammonia and L-glutamate when each was the sole nitrogen source and the absence of excess ammonia in chemostats containing L-glutamate show that L-glutamate catabolism is tightly regulated (Table 1) . It was also shown that ammonia repressed synthesis of the L-glutamate transport system. These results can be contrasted to those obtained with chemostats containing L-alanine or L-histidine, where there was a clear deregulation of catabolism with the consumption of these amino acids in excess of that required solely to satisfy the cells' nitrogen requirement. Presumably these amino acids must have transport and catabolic systems that are not as tightly regulated by ammonia as those for L-glutamate.
With mixtures of ammonia and L-glutamate as the nitrogen sources, R. feguminosarum MNF3841 utilized ammonia preferentially, with L-glutamate contributing at most 1 1 % of the total nitrogen consumed (Table 1 ) . Similar results were obtained if L-alanine or L-histidine replaced ammonia in the reservoir. This apparent preference for L-histidine or L-alanine over L-glutamate is expected because of the lack of tight regulation on the catabolism of these amino acids, with large quantities of excess ammonia being released. Considering that ammonia suppresses L-glutamate consumption it is perhaps not surprising that nitrogen sources that release excess ammonia may also suppress L-glutamate utilization. There are at least three main models to explain why the apparent L-glutamate consumption was low compared with ammonia. These are:
1. Ammonia stops L-glutamate utilization by inhibiting its incorporation inside the cell. 2. Ammonia represses the transport of exogenous L-glutamate into the cell. 3. The apparent absence of L-glutamate consumption results from the free exchange between the internal and external L-glutamate pools, such that the rate of export of L-glutamate, synthesized from ammonia and the carbon source, matches the rate of import from the outside.
The first explanation is unlikely because it would require that ammonia should be incorporated into amino acids independently of L-glutamate. There are two principal reactions which would allow this : L-alanine dehydrogenase and aspartase. L-Alanine dehydrogenase, with its very high K,,, for ammonia (Brown et af., 1974) , is not thought to be important in bacterial ammonia assimilation, while aspartase is principally a catabolic enzyme and was not present under these conditions (Poole et af., 1984) . Of the other two models, the second predicts that the intra-and extracellular pools of L-glutamate are isolated, while the third requires their free exchange. Although amino acids were capable of exchanging during initial uptake (Poole et af., 1985) , 14C from the carbon source fructose was not detected in the external L-glutamate, providing strong evidence that the two pools were isolated during steady-state growth. This result was confirmed by the low 'rate of incorporation into cellular material of exogenously supplied ~- [I~C] glutamate. Such evidence is only compatible with ammonia or a product of its metabolism restricting the entry of L-glutamate at least partly by repression of the synthesis of its transport system, since ammonia had no direct effect on ~-[l~C]glutamate uptake (Poole et af., 1985) in short-term assays.
In a phosphate-limited chemostat containing mannitol/L-glutamate/NH,CI, L-glutamate was transported by cells of MNF3841 at a rate of 2.8 nmol min-* (mg protein)-', which is 7% of the fully derepressed rate in an ammonia-limited chemostat. Assuming that protein represents 60% of the dry weight of the cell, this would allow an L-glutamate consumption rate of A N D A . R . G L E N N -0.28 pmol h-l (mg dry wt)-', or 48% of the measured nitrogen consumption rate of cells grown in a chemostat containing mannitol/L-glutamate /NH,Cl, and considerably higher than the glutamate consumption rate measured. However, the transport rate represents an initial rate measured in cells washed with minimal salts, and is almost certainly higher than the steady-state rate of accumulation. It thus seems likely that the common amino acid carrier is regulated by repression and by inhibition of activity. The precise nature of the repressor is unknown, except that it is unlikely to be L-glutamate itself, since L-glutamate-grown cells have a fully derepressed rate of L-glutamate transport.
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According to this study, free-living rhizobia are not defective in their ability to assimilate ammonia, a result compatible with the probable need to assimilate ammonia in the soil. While it is apparent that some strains of Rhizobium grown in laboratory culture may be defective in ammonia assimilation, they appear to represent the exception rather than the rule, and elaborate models of nitrogen regulation should not be based on such strains.
